Using RNAi to screen for enhancers of the uncoordinated movement exhibited by worms lacking functional levamisole receptors, we identified the acr-16 gene. The nicotine-dependent current is nearly eliminated in acr-16 mutants, and unc-29;acr-16 double mutants exhibit a near-total loss of cholinergic synaptic current. We found that CAM-1 was specifically required for the nicotine component of the cholinergic current. The distribution of ACR-16 is altered in cam-1 mutants, with an accumulation of receptors apparent in the muscle arms that suggests a failure of membrane delivery or stabilization of surface receptors. In addition to the ACR-16 defects, we found that the distribution of cholinergic synaptic vesicles and the SYD-2 presynaptic marker were altered in cam-1 mutants. Thus, CAM-1 has critical roles in the establishment of functional cholinergic synapses. we treated wild-type and unc-29 mutants with dihydro-β-erythroidine (DHβE), a selective antagonist of the nicotine-gated current . The movement of wild-type worms was not obviously fects, whereas acr-16 RNAi of these mutants caused severe movement defects ( Figure 1A and data not disrupted by DHβE (data not shown). In contrast, within 1 hr of exposure to 650 M DHβE, unc-29 mutants drashown). To better study the function of ACR-16, we obtained an available deletion mutation [acr-16(ok789); matically slowed their movement and were generally unresponsive (data not shown). These data indicate see Experimental Procedures], that is predicted to eliminate all ACR-16 function ( Figure S2 ). acr-16 mutants that identifying genes important for the nicotinic component of current should be facilitated in a genetic were not obviously impaired in locomotion. However, we observed a strong synthetic phenotype in uncbackground lacking functional levamisole receptors (e.g., unc-29 or unc-38 mutants). Accordingly, we used 29;acr-16 double mutants, which were far more movement impaired than either unc-29 or acr-16 single muthe thrashing assay (see Experimental Procedures) to test whether RNAi knockdown of candidate AChR subtants ( Figure 1B ). acr-16 (previously called Ce21) encodes an AChunit expression produced synthetic uncoordinated movement in levamisole receptor mutants. While we gated ion channel subunit (Ballivet et al., 1996) . The sequence of acr-16 shares greatest identity with vertedid not observe obvious effects of RNAi on wild-type worms ( Figure S1 in the Supplemental Data available brate α7 nicotinic receptors ( Figure S2 ), and currents recorded from Xenopus oocytes that express acr-16 with this article online), we found that RNAi targeting several genes encoding candidate AChR subunits cRNA have many of the characteristic features observed in α7-mediated currents (Ballivet et al., 1996) . caused a significant change in the thrashing behavior of unc-38 or unc-29 mutants, with the most severe efTo test whether the behavioral defects of unc-29;acr-16 double mutants were caused by impaired neuromuscufect observed after acr-16 RNAi. Thus, levamisole receptor mutants had moderate to mild movement delar transmission, we used the myo-3 muscle-specific promoter to direct expression of ACR-16 in transgenic sole application and a rapidly inactivating current that was elicited by nicotine application ( Figure 2C ). We double mutants ( Figure S3B) In contrast to the currents observed in wild-type worms, we observed only a slow current in response to the acr-16 gene to direct expression of green fluorescent protein (GFP) in transgenic worms ( Figure S3A) .
Results

RNAi of ACR-16 Produces a Synthetic
either ACh or levamisole application in acr-16 mutants. The magnitude of this slow current was the same as We found strong GFP expression in muscle cells, as well as in a subset of neurons (Figure 2A ). To assess that observed in wild-type worms. The fast nicotineevoked current was almost completely abolished, and the subcellular distribution of ACR-16 in muscle cells, we generated a full-length functional fusion protein bethe nerve-evoked current was small and slow ( Figures  2D and 2G ). The nicotine-gated current was restored in tween ACR-16 and GFP ( Figure S3C ) and expressed this fusion protein in the muscles of transgenic worms transgenic acr-16 mutants in which the myo-3 promoter was used to express ACR-16 in muscle cells (Figure using the myo-3 muscle-specific promoter (Okkema et al., 1993). In C. elegans, specialized regions of the mus-2D). Complementary defects were seen in unc-29 mutants. Thus, we observed only a fast current in recle membrane, called muscle arms, make synaptic contact with motor neuron processes located in the ventral sponse to either ACh or nicotine application. The magnitude of this fast component current was similar to cord (Chalfie and White, 1988). We found that the GFP fluorescence in transgenic worms that expressed that observed in wild-type worms. The slow levamisoleevoked current was completely abolished, and the Pmyo-3::ACR-16::GFP was concentrated at the tips of muscle arms along the ventral cord ( Figure 2B ), consisnerve-evoked current was fast and somewhat smaller ( Figures 2E and 2G ). These results indicate that ACRtent with ACR-16's proposed role in neuromuscular synaptic communication.
16 is absolutely required for nicotine-gated currents at the C. elegans NMJ. Thus, the acetylcholine-gated curOur behavioral and imaging data strongly suggest that ACR-16 contributes to the nicotine-gated current rent at the NMJ can be neatly divided into an ACR-16-dependent nicotine-gated current and an UNC-29-at the NMJ. To directly address this question, we undertook an in vivo electrophysiological analysis of lidependent levamisole-gated current. In support of this model, all ACh-gated current is eliminated in uncgand-gated currents from muscle cells using standard patch-clamp techniques (see Experimental Proce-29;acr-16 double mutants ( Figure 2F ). dures). In response to pressure application of ACh to wild-type muscles, we recorded a rapidly activating
The Receptor Tyrosine Kinase CAM-1 Is Expressed at Synapses current, which then partially inactivated in the continued presence of ACh ( Figure 2C) Figure S5 ). In contrast, the amplitude of ACh-gated (data not shown) or nicotine-gated cating experimental analysis. Therefore, in order to isolate cholinergic currents, we established ionic condicurrents was not dramatically reduced in a weaker allele, cam-1(ks52), which contains a mutation that is tions under which the contribution of GABA-activated Cl − currents would be minimized (see Experimental predicted to specifically disrupt the tyrosine kinase domain ( Figure S5 ). The diminished currents were rescued Procedures). We verified that our conditions isolated cholinergic synaptic activity by examining endogenous in transgenic cam-1(ak37) mutants that expressed CAM-1::GFP ( Figure 4C ). Postsynaptic responses to exevent frequency in the presence of d-tubocurare (curare), an inhibitor of cholinergic receptors. When the reogenous application of GABA were unaffected by the cam-1(ak37) mutation ( Figures 4D and 4E ). Interestcording pipette was filled with a solution containing 115 mM Cl -(high Cl -), we detected both GABA-mediated ingly, the amplitude of levamisole-gated AChR currents also appeared normal in cam-1(ak37) mutants, sugand ACh-mediated endogenous synaptic events, as evidenced by the fact that application of curare (0.5 mM) gesting that mutations in cam-1 specifically affect nicotine-gated AChRs (Figures 4D and 4E) . To test this hyinhibited approximately 50% of the endogenous synaptic activity ( Figure 5A, upper) . In contrast, when a low pothesis, we measured postsynaptic currents activated by nicotine. We found that the average amplitude of Cl -(25 mM) solution was included in the recording pipette, all synaptic activity was completely and reversnicotine-activated currents was dramatically reduced in cam-1(ak37) mutants ( Figures 4D and 4E in average event amplitude appeared to arise predomiactivity-appeared grossly normal in cam-1 mutants. Additionally, we used curare to block all cholinergic nantly as a consequence of a selective reduction in the number of large-amplitude (>100 pA) synaptic events neurotransmission and found that neither the frequency nor the amplitude of GABA-dependent endogenous ( Figures 5B4 and 5C4) . We confirmed that GABA-mediated spontaneous activity was not measured under our synaptic events (115 mM Cl -, 1 mM Ca 2+ ) was diminished in cam-1 mutants (20 ± 8/s; 36 ± 0.3 pA) comconditions, by observing similar effects on event amplitude in double mutants with the unc-49(e382) mutation pared to wild-type worms treated with curare (13 ± 4/s; 31 ± 0.3 pA), indicating that GABA neurotransmission (data not shown), which renders GABA receptors nonfunctional (Bamber et al., 1999).
was not dependent on CAM-1. As noted previously, the large, rapid component of In contrast to the reduction in the amplitude of synaptic events in cam-1 mutants, we did not observe a nerve-evoked current was absent in acr-16 mutants (Figure 2 ). We tested whether this same nerve-evoked significant reduction in the frequency of these events across a variety of ionic conditions and genetic backcomponent was missing in cam-1 mutants. Compared to nerve-evoked currents of approximately 1400 pA in grounds. Specifically, under conditions in which both cationic (ACh-mediated) and anionic (GABA-mediated) wild-type worms ( Figures 6A and 6B ), only about 25% of the current remained in cam-1 mutants. Moreover, endogenous synaptic events could be measured, we did not detect a difference in synaptic event frequency similar small currents were observed in acr-16 mutants and cam-1;acr-16 double mutants. However, the (wt, 32 ± 6/s; cam-1, 32 ± 9/s). Under conditions in which solely ACh-mediated synaptic activity was deevoked responses recorded from cam-1(ak37) mutants showed altered kinetics compared to wild-type worms tected, the average event frequency in wild-type worms was reduced to 20 ± 4/s; however, we did not observe a or acr-16 mutants, suggesting that cam-1 mutants may also have a minor presynaptic defect ( Figure 6A , inset). significant difference in event frequency between wildtype worms and cam-1 mutants (17 ± 5/s). Likewise, we These electrophysiological defects could be rescued by transgenic expression of CAM-1::GFP ( Figure 6A ). were unable to detect a significant effect of the cam-1 mutation on event frequency in the unc-49(e382) muUnder our ionic conditions, the decreases in nerveevoked responses observed in these experiments tant background (unc-49, 27 ± 13/s; cam-1;unc-49, 28 ± 6/s). Thus, under basal conditions of low synaptic strongly suggest that ACR-16-mediated cholinergic neurotransmission is impaired in cam-1 mutants. release probability, cholinergic synaptic release-as measured by the frequency of endogenous synaptic
If the decreased amplitude of nerve-evoked currents Figure 7B ). These reent ( Figures 8A1 and 8A2 ). These puncta identify synaptic vesicles localized to presynaptic sites (Nonet, sults suggest that the ectodomain of CAM-1 is critical for its function. CAM-1⌬463 lacks the TM domain as 1999). However, in cam-1 mutants, we observed that the distribution of SNB-1::GFP in cholinergic VA motor well as all intracellular domains and is presumably a secreted form of the CAM-1 ectodomain. In contrast neurons was more variable, ranging from puncta that were slightly elongated compared to wild-type to difto CAM-1⌬346 and CAM-1⌬417, expression of CAM-1⌬463 did not rescue the locomotory defects of cam-1 fuse fluorescence distributed along the length of the ventral cord ( Figure 8A1 ). These defects could be resmutants (data not shown). Notably, we did detect GFP fluorescence, indicating that CAM-1⌬463 was excued by transgenic expression of full-length CAM-1 in cam-1 mutants and appeared specific for cholinergic pressed. These results argue that membrane localization of CAM-1 is essential for its function at neuromusmotor neurons, because SNB-1::GFP appeared appropriately punctate in GABAergic neurons ( Figure 8A2 ). cular synapses. 9A and 9E ), but that was qualitatively similar to SNB-1 mislocalization not GABAergic synapses ( Figures 9C and 9G) , we ob-( Figure 8A3) . served an increase in synaptic vesicle number as well Diffuse SNB-1::GFP could result from either alteras an altered distribution. Specifically, while the number ations in the distribution of synaptic vesicles themof cholinergic active zones and the gross morphology selves or accumulation of SNB-1 in the cell membrane of cholinergic synapses in cam-1(ak37) worms ap-(for example, as a consequence of defects in synaptic peared comparable to wild-type, vesicle abundance vesicle recycling). To distinguish between these possiwas increased and did not decrease substantially as a bilities, we used electron microscopy to quantify synfunction of distance from the active zone ( Figure 9I ). aptic vesicle numbers at defined distances from In contrast, this decrease was observed in GABAergic morphologically identified cholinergic and GABAergic synapses from both wild-type worms and cam-1 muneuromuscular synapses (Figure 9 ). In wild-type worms, tants ( Figure 9J ). Thus, mutation of the cam-1 gene at either cholinergic ( Figures 9B and 9F) or GABAergic caused a mislocalization of synaptic vesicles to nonsynapses ( Figures 9D and 9H) , synaptic vesicles are abundant near the active zone and decrease in number synaptic sites in cholinergic motor neurons. whereas no significant current could be elicited in acr-16 mutants. Most cells in the nervous system receive multiple synaptic inputs, often utilizing different neurotransmitters ACR-16 has greatest sequence identity with the α7 subtype of vertebrate nAChRs. These receptors are reland postsynaptic receptors. In this respect, the C. elegans NMJ has features in common with the synapses atively abundant in the central nervous system, but little is known about the molecular machinery required of polyinnervated neurons. Thus, GABA receptors and at least two classes of postsynaptic AChRs, those preffor the establishment of neuronal cholinergic synapses. In the peripheral nervous system (PNS), nAChRs are erentially gated by nicotine or levamisole, are found at the NMJ. We have shown that the majority of fast chosegregated to specific regions of synapses. Thus, multiple classes of nAChRs (including α7 receptors) and linergic current is dependent on ACR-16 receptors. Furthermore, we have shown that nicotine-activated curglycine receptors are localized to separate microdomains in individual synapses on ciliary ganglion neurents and the localization of ACR-16 are dependent on the RTK CAM-1. In contrast, levamisole-gated and rons (Tsen et al., 2000) , but the mechanism for clustering and localization of these nAChRs remains unclear. GABA-gated currents and the localization of the corresponding receptors are unaffected in cam-1 mutants, Given these similarities in synaptic organization, perhaps the localization of α7 receptors at vertebrate synindicating that CAM-1 does not have a general role in protein trafficking or localization, but rather, a specific apses also involves a CAM-1-like RTK. We showed that CAM-1 and ACR-16 were localized role in the localization or stability of ACR-16 receptors.
Electrophysiological analysis revealed that CAM-1 to the distal tips of muscle arms where they make contact with the ventral nerve cord, consistent with potenand ACR-16 contributed to drug-evoked and nerveevoked ACh responses. We also observed a reduction tial CAM-1 regulation of ACR-16 receptors. We observed an increase in ACR-16::GFP puncta in cam-1 in the frequency of large-amplitude endogenous synaptic events in cam-1 and acr-16 mutants, indicating that mutants, and the distribution of puncta was no longer restricted to discrete areas at the tips of muscle arms. these events are preferentially mediated by ACR-16.
Because we also observed reduced postsynaptic curteins such as CAM-1 may provide a general mechanism rents in cam-1 mutants, the additional ACR-16::GFP for independent control of functionally distinct synpuncta represent either subsurface receptor aggreapses. gates or surface clusters of nonfunctional receptors.
Because CAM-1 is expressed at both sides of the For two reasons, we do not believe that CAM-1 has a synapse, it is attractive to think that pre-and postsynmajor role in the gating of ACR-16 receptors: (1) the aptic CAM-1 have either homophilic interactions, or intime course of the residual nicotine-gated current in teract by binding to linking proteins, and that these procam-1 mutants is not obviously altered compared to tein interactions help establish the precise alignment of wild-type responses to nicotine, and (2) ACh-gated curpresynaptic release sites and postsynaptic receptors. rents can be recorded from Xenopus oocytes that exIn one model, coordinated pre-and postsynaptic CAM-1 press ACR-16 receptors (Ballivet et al., 1996) . Because expression may be required for the development of the ACR-16 receptors are competent for gating in the abcholinergic synapse. Alternatively, CAM-1 may function sence of CAM-1, we consider it most likely that the adcell-autonomously in muscles to maintain or localize ditional puncta present in cam-1 mutants reflects accupostsynaptic nicotinic receptors and in neurons to limit mulation of subsurface ACR-16 receptors.
the size of the presynaptic active zone. In this second We also noted significant changes in the distribution model, pre-and postsynaptic defects may occur indeof presynaptic markers in cam-1 mutants. Given the sependently. In the future, combining genetic mosaic verity of the presynaptic defects detected by fluoresanalysis with electrophysiological analysis could procence microscopy and EM, the synaptic release devide a way to test these models. fects measured by electrophysiology were surprisingly mild. This suggests that the synaptic release machinery 
